This paper presents the distributed series reactor (DSR) as a low cost D-FACTS technology that can be easily clamped on working transmission lines at higher operational reliability and without the need of any communications or centralized control. Smart wires are standard transmission lines that are augmented with a large number of DSRs. The paper addresses the potential of the emerging smart wire technology in improving the utilization and reliability of the existing transmission, sub transmission, and distribution networks. It proposes a smart-wire based strategy for planning power systems with increasing penetration level of wind generation. Moreover, the paper evaluates the potential of the smart-wire technology to reduce the required investment for congestion-free transmission system upgrading plan. The proposed approach is applied to the IEEE 39-bus and IEEE 57-bus test systems. Comparative analysis of results is provided for the classic and smart planning methods.
Introduction:
Increasing societal concern for global warming and energy security has led many of the US states to adopt policies like Renewable Portfolio Standards (RPS). Introduction of these environmental policies in the energy market are expected to have significant impact on grid operation and transmission investment. The energy delivery system has to be upgraded significantly to make it capable of handling these changes [1] - [6] . Utility system planners are moving from radial towards networked systems to achieve higher reliability. This has degraded the controllability of the network, as current flow along individual lines can no longer be controlled. The transfer capacity of the system gets limited by the first line that reaches the thermal capacity. Congestion on key corridors restricts the low-cost generators to connect to the end users, resulting in higher electricity prices for the consumers [2] , [3] . An RPS mandates a specified percentage of the electricity production to be generated from renewable resources. Some states can meet the RPS mandate in either of two ways. The first is self generation of this part of renewable energy. The second is purchasing power from renewable generators in other states via bilateral contracts. This is because it might not be economically feasible to build in-state renewable generation facilities. The choice is to purchase green energy from other renewable-energy rich states to meet the RPS mandates. Therefore, increased penetration of renewable energy will cause increased inter-area power transactions. Due to the geographical dispersion, the interstate tie-lines are often very long. So, they require large capital investment for installation and upgrade [2] - [5] . The increasing operational dynamics due to liberalized electricity markets, and growing load have pushed the existing grid to unusual levels of stress. Moreover, investments in the transmission and distribution infrastructure decay gradually. Further, it has become increasingly tough and expensive to construct new power lines. Accordingly, the aging power-grid has become congested and highly stressed. The grid has two approaches to solve this severe problem. The first is the traditional method of building extra transmission assets. The second is making the grid smart and controllable. The latter option receives a lot of attention as a major feature of 21st century power system [7] - [10] . Many papers have addressed the problem of congestion management in power systems [11] - [17] . Different solutions have been presented including generation re-dispatching, load curtailment, optimal power flow (OPF), and flexible ac transmission devices (FACTS) [12] , [14] . The application of Static Series Synchronous Compensator (SSSC) as inverter-based FACTS for congestion management and transfer capability improving of power systems with high penetration of wind power is studied in [16] . Ref. [13] presents a genetic algorithm (GA) to maximize total system social welfare and alleviate congestion by best placement and sizing of thyristor-controlled series capacitor (TCSC) device. Ref. [5] has recently presented the smart-wire concept as an efficient and economic solution to control congestion in multi-area power systems integrating growing production levels of wind energy. However, the analysis has only considered congestion in inter-area lines ignoring possible congestion in intra-area lines. No clear mechanism was given to remove encountered congestion. This paper presents the distributed series reactor (DSR) as a low cost D-FACTS technology that can be easily clamped on working transmission lines at higher operational reliability and without the need of any communications or centralized control. Smart Wires (SW) are standard transmission lines that are augmented with a large number of DSRs. The paper addresses the potential of the emerging SW technology in improving the utilization and reliability of the existing transmission, sub transmission, and distribution networks. It proposes a SW based strategy for planning power systems with increasing penetration level of wind generation as a major economic source of renewable energy. Moreover, the paper evaluates the potential of the SW technology to reduce the required investment for congestion-free transmission system upgrading plan. The proposed approach is applied to the IEEE 39-bus and IEEE 57-bus test systems. The impact of varying the size and location of wind generation on the details of transmission upgrading plan is also assessed.
Power Flow Control and Smart Wires:
The real power through a transmission line is given by (1) .
where V 1 , V 2 are the voltage magnitudes while δ 1 , δ 2 are the voltage phases of the two ends of the line and X 12 is the line impedance, assuming the line is lossless [3] . By controlling the voltages and/or the line impedance it is thus possible to control the power flowing through the line directing the power through the lightly loaded lines. A number of power flow controllers were proposed over the past two decades. Most of them belong to FACTS [3] - [5] .
2.1 Distributed FACTS FACTS devices have proved to significantly increase the transfer capacity and the utilization of the power system. However, their commercial success has been limited [4] , [8] . The reliability of the technology can be increased and the cost can be decreased, if the same control objective is served by replicating the big controller into smaller ones and distributing them over the grid. Thereby, the concept of Distributed FACTS (D-FACTS) was proposed by Divan, et al [4] , [9] . It consists of single phase devices that can clamp onto existing conductors, providing easy installation procedure. However, being an inverter-based technology, it opens up issues of robust and reliable operation in tough utility environment. Further, a communication infrastructure is essential for the coordinated operation of the modules on the network. This may hinder the wide spread application of the technology.
Distributed series impedance
A Distributed Series Impedance (DSI) is similar to D-FACTS devices. It injects series VARS into the line by injection of series impedance (inductor or a capacitor) [9] , [10] .The transfer capacity and consequently the grid utilization can be improved by routing the power flow from overloaded lines to underutilized parts of the network. The series injection of impedance at each module can be accomplished using a single turn transformer (STT), which uses the line conductor itself as a winding of the transformer. Figure 1 shows the circuit schematic of a DSI module. The STT is normally bypassed by the normally-closed electro-mechanical switch S M . Opening S M allows injection of the desired impedance into the line. Switch S 1 is closed to inject an overall inductance, while S 2 is closed to inject capacitance X C . A control circuit is powered off the line, and monitors the line current [9] . 
Distributed series reactance
Bidirectional control capability of DSI requires a communication interface to instruct the device to operate in the particular mode. It is desired to make the modules switch in or out without the need for centralized control. This can be done if the control is made unidirectional, and the amount of injection is decided according to locally measured current and/or voltage. Pure inductive injection has this characteristic [3] , [5] . This implementation is referred to as the Distributed Series Reactance (DSR). It can only inject reactive impedance to increase the line impedance. Figure 2 shows the circuit schematic of a (DSR). A normally closed electromechanical switch (S M ) is used to bypass the module when it is not desired. With S M open, the STT magnetizing inductance (tuned to a desired value) is inserted into the line. S 1 is a thyristor switch used to provide a sub-cycle response [10] .
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Figure (2): Circuit schematic of DSR
Because SW are equipped with a large number of DSRs, they are thus capable of dynamically changing their self impedance by switching on/off certain number of DSRs as shown in Figure 3 [5], [10] . When the current in a particular line exceeds a preset value, increasing numbers of DSR modules are switched in. They gradually increase line impedance and divert current to under-utilized lines. This securely pushes the system to its maximum power transfer capacity. Also, it allows the system to share the overload between lines enhancing reliability by avoiding unnecessary tripping of overcurrent relays. Thus a self-healing network can be obtained.
Line Inductance
Figure (3): Increasing impedance of smart wires with line current 3. Simulation Setup:
To examine the transmission investment benefits achieved by the use of SW for implementation of RPS, a study was conducted on the IEEE 39 bus system with 10 generators version [18] and with 11 generators version [5] . It is assumed that the entire system is divided into 4 regions -the North East (NE) region, the North West (NW) region, the South West (SWT) region and the South East (SE) region which are broadly representative of a multi-area interconnection. Figure 4 shows the demarcations outlining the different regions in the IEEE 39 bus system. It is assumed that the system at present (year 0) has a renewable penetration of 1% and the RPS mandate requires it to reach 20% in 19 years with increments of 1% each year [5] . 
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3.1Assumptions
Given that wind energy is presently the cheapest form of renewable energy, it is assumed as the source of renewable energy for the entire system. It is assumed that only NW region is rich in wind energy. Thus, the entire amount of renewable energy required by the 4 regions is supplied from the NW region at buses 30 and 37. All other generators in the system use fossil fuel [5] , [10] .
3.2Modeling load and wind generation
The wind generators and the loads are each assigned an intra-day variation characteristic as shown in Figure 5 . The load variations of the four utilities are calculated for each of 6 time steps, as a percentage of the peak loading. It is assumed that two wind generators follow different intra-day variation characteristics. Daily profiles were taken from NREL's eastern wind integration and transmission study. It is assumed that there is no change in the intra-day variation of load or wind generation within a year. As the study is concerned with transmission planning, the worst case day (highest load, lowest wind generation) is chosen as the representative day of the year [1] , [10] . The total initial peak load of the system is 6380 MW. It is assumed that the peak loads at each bus increase at an annual rate of 2%. The wind generation at year 0 is assumed to be 1% of the total load [5] . 4.1 System planning algorithm For each of the 20 years planning horizon, starting from year 0, the loadings of the load buses and the available wind generation for the wind buses are determined according to section 3.2, for each of the 6 time steps defined in Figure 5 . To enable wind plants to meet revenue requirements, it is assumed that all the available wind generation at any time step must not be curtailed due to congestion. An optimal power flow (OPF) is run for each of the time steps to check for any line congestion. This is done using the MATLAB-based open source software MATPOWER [19] . If congestion is encountered, it is treated by one of the two line upgrade scenarios as described in section 4.2 below. The system planning algorithm is summarized in the flow chart shown in Figure 6 .
Congestion management scheme
A. Line upgrade in BAU scenario In the business as usual (BAU) scenario, the utility upgrades a congested line by building a new line of the same rating parallel to it [1] , [5] . Hence, the rating of the line doubles while its impedance gets halved. Using this practice, congestion removal is done as follows.
1. Upgrade the congested line. Run OPF again. If the congestion is removed, then go to step 9.
2. If congestion still exists, then reset, i.e. cancel the upgrading of any line for the year in question.
3. Upgrade another line, then run OPF for congestion checking.
4. If the congestion is removed, then go to step 9.
5. If congestion still exists, reset. Then repeat step 3 for all lines taking one line each time. Determine the set of lines that remove the congestion. Select upgrading the shortest line of that set as the decided congestion mitigation action. If the congestion is removed, then go to step 9.
6. If congestion still exists, then repeat the previous step taking a combination of two lines each time. 
Figure (6): Flowchart for simulation methodology
B. Line upgrade in SW scenario In the SW scenario, apart from the usual line upgrade, the utility also has the option of inserting DSR to mitigate congestion [5] . The transmission investment takes into account both the line upgrade plus the insertion of DSR. Using this practice, congestion removal is done as follows. 6. If congestion still exists, perform line upgrade according to the BAU scenario as described above for one line.
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7. Go to step 2.
Results:
IEEE 39 bus system
The 10-generator and the 11-generator versions of the IEEE 39-bus system are evaluated. In case of BAU scenario, only line adding is presumed for upgrades. This line addition is expressed in terms of MW-miles. Tables 1, 2 demonstrate the annual transmission investments required in kilo MW-miles (GW-miles) from year 0 to year 19 for the 10-generator and 11-generator systems, respectively. The total transmission investment required for BAU scenario is about 1373 GW-miles and 145 GW-miles for the 10-generator and 11-generator systems, respectively. It is noted that these two investment values are much different (about 9:1). This is due to the extra generator installed at bus 18 in the 11-generator system that leads to drastic variation in the power flows in the lines and hence in congestion conditions in both system versions. For the SW scenario, the upgrades permit both line upgrades and insertion of DSR units. To express DSR injection in terms of MW-miles, it is estimated that the cost of 1 MVA of DSR is equivalent to that of 100 MW-miles. This is based on a MW-miles cost of $1000 and an estimated DSR cost of $100/kVA [5] . Tables 3, 4 illustrate the annual transmission investments required in kilo MW-miles from year 0 to year 19 by SW scenario. It is noted from Tables 3, 4 that most of the upgrades in the SW scenario involve only DSR injection. Thus, much lower investment cost of only 651 GW-miles for 10-generator and 74 GW-miles for 11-generator systems are required for this scenario. Figure 7 compares the transmission investments incurred in the BAU scenario with that of the SW scenario. It is evident that the SW can postpone and lessen the need for transmission line adding by installing DSRs. Hence, the total transmission investment required in the SW scenario is approximately 51% of that in the BAU scenario for the 11-generator system and 47.5% for the 10-generator system. Zero discount rate was used in calculation. The cost of MW-mile of building a new line increases from one year to the next. Meanwhile, the cost of DSR is expected to drop with time due to development in technology and mass production. Considering that factors can widen the cost difference between the two scenarios. The lead time of about 5 years required to build a new transmission line has been neglected in the analysis. In contrast, SW are expected to have much lower lead time in the order of few months. This gives a further 
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5.2IEEE 57-bus system
This system is taken as one integrated area. The rest of assumptions and conditions made for the IEEE 39-bus system as stated in section 3 are adopted for the IEEE 57-bus system. The IEEE 57-bus system has a different topology, and different peak loads [18] . The total peak load is 1276 MW. The wind generation is assumed at buses 2, 3. The intra-day load variation and wind generation profiles are assumed similar to that of NW area shown in Figure 5 . The algorithm discussed in section 4 above is applied to IEEE 57-bus system. Table 5 demonstrates the annual transmission investments required in kilo MW-miles from year 0 to year 19 by applying the BAU planning scenario. Table 6 illustrates the annual transmission investments required in kilo MW-miles from year 0 to year 19 by applying the SW planning scenario. The total transmission investment required is about 217 GW-miles for BAU scenario and only 77 GW-miles for the SW scenario. Hence, the total transmission investment required in the SW scenario is approximately 35.5% of that in the BAU scenario. 
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Effect of changing wind generation conditions
To examine the effect of wind generation sizing on system planning, the rating of wind generation at bus 3 of the IEEE 57-bus system presented in section 5.2 above is changed in two cases. All other conditions are maintained as before. For the first case, the rating of wind generation at bus 3 is increased from 140 MW to 180 MW. Figure 8 compares the lines upgrade investment of this modification to the base case in section 5.2 for BAU and SW scenarios. For the second case, the rating of wind generation at bus 3 is decreased from 140 MW to 100 MW. Figure 9 compares the lines upgrade investment of this modification to the base case in section 5.2 for BAU and SW scenarios. 
Figure (9): Effect of decreasing wind penetration on transmission upgrade investment
Furthermore, to examine the effect of wind generation location on system planning, the same wind generation of the IEEE 57-bus system presented in section 5.2 above is relocated at buses 6, 9 instead of buses 2, 3, respectively assuming identical wind characteristics for both locations. All other conditions are maintained as before. Figure10 compares the lines upgrade investment of this modification to the base case in section 5.2 for BAU and SW scenarios. Table 7 compares the total lines upgrade investment cost of the three wind generation modifications to the base case in section 5.2 for BAU and SW scenarios. It is remarked that a small change in wind generation size by about ±17% causes negligible change to the transmission upgrade investment for the BAU scenario. On the other hand, it tends to heighten the transmission upgrade investment for SW scenario. The transmission upgrade investments are obviously lower for SW scenario under all conditions. The percentage between the investment costs of the two scenarios is given in the fourth column of Table 7 . When the wind generation is relocated, the total transmission upgrade investment is very slightly lower by SW scenario. However, as can be seen in 
Conclusions:
The distributed series reactor (DSR) has been presented as efficient, simple and low cost D-FACTS technology. The smart wires are defined as standard transmission lines that are augmented with a large number of DSRs. A proposed smart wire-based strategy for planning congestion-free power systems with increasing penetration level of wind generation is analyzed. Moreover, its potential to reduce the required investment for transmission system upgrading plan is assessed. The proposed approach is applied to the IEEE 39-bus and IEEE 57-bus test systems. Comparative analysis of results is provided for the classic and smart planning methods. It is proved that smart wire technology can help in removing congestion of power lines. So, it reinforces power systems to meet the
